We used more than five years of continuous aerosol measurements to estimate the direct radiative feedback parameter associated with the formation of biogenic secondary organic aerosol (BSOA) at a remote continental site at the edge of the boreal forest zone in Northern Finland. Our upper-limit estimate for this feedback parameter during the summer period (ambient temperatures above 10°C) was −97±66 mW m −2 K −1 (mean±STD) when using measurements of the aerosol optical depth (f AOD ) and −63±40 mW m −2 K −1 when using measurements of the 'dry' aerosol scattering coefficient at the ground level (f σ ). Here STD represents the variability in f caused by the observed variability in the quantities used to derive the value of f. Compared with our measurement site, the magnitude of the direct radiative feedback associated with BSOA is expected to be larger in warmer continental regions with more abundant biogenic emissions, and even larger in regions where biogenic emissions are mixed with anthropogenic pollution.
Introduction
Biogenic secondary organic aerosol (BSOA) originating from the emissions of volatile organic compounds from terrestrial vegetation constitutes an important part of the natural aerosol system. According to largescale model simulations, the direct and indirect radiative effects of the BSOA are potentially large, yet poorly quantified (Goto et al 2008 , Spracklen et al 2008 , O'Donnell et al 2011 , Scott et al 2014 . This, along with uncertainties in other natural aerosol emissions, seriously hampers our capability to constrain the present-day indirect radiative forcing by anthropogenic aerosols, since this forcing is sensitive to the amount of natural aerosol particles . Since BSOA precursor emissions are sensitive to temperature and several other environmental variables (e.g. Guenther et al 2012) , the radiative effects of BSOA are expected to change as a result of future climate change (Kulmala et al 2004 , Carslaw et al 2010 . The climate feedbacks resulting form these changes have been investigated to very limited extend so far (e.g.
Boucher et al 2013).
Complimentary to model simulations, the radiative effects of BSOA can also be estimated by using long-term observations. With help of several years of data on aerosol optical properties measured in Pallas, a site at the northern edge of the boreal forest zone in Finland, Lihavainen et al (2009) estimated the radiative effects attributable to BSOA in the regional atmosphere during the summer part of the year. The resulting direct and indirect radiative effects were in the range -(0.37-0.74) W m −2 and -(3.2-6.4) W m −2 , respectively, the latter value range being comparable to the model-simulated estimate obtained by Spracklen et al (2008) over the whole boreal forest area. These values can be compared with model-based estimates of the global BSOA radiative effect which span a wide range of values from close to zero up to about −0.8 W m −2 for the direct raditive effect and a similar value range for the first indirect radiative effect (Goto et al 2008 , Scott et al 2014 . While estimating full feedback loops from observational data is extremely challenging (e.g. Kulmala et al 2014) , such data can be used to estimate the sensitivity of various radiative forcing components to changes in the ambient temperature. When the ambient temperature change is driven by climate change, this temperature sensitivity can be interpreted as a climate feedback parameter with the unit W m
. Paasonen et al (2013) used data from particle number size distribution measurements at 11 terrestrial sites ranging from clean boreal forest environments to polluted background sites, and calculated the temperature-driven feedback parameter by biogenic emissions. The resulting feedback parameter for the indirect radiative effect varied from values close to zero at the polluted sites to values more negative than −0.1 W m −2 K −1 at the remote sites, with a globally-
. The corresponding feedback parameter associated with the direct radiative effect showed mixed results between the different sites, possibly due to uncertainties related to deriving aerosol optical properties based solely on particle number size distribution measurements.
In this manuscript, we will estimate the direct radiative feedback parameter, f, associated with the temperature-dependent BSOA formation at Pallas during the summer period. We base our analysis on long-term observations, more specifically on two independent measurement data sets of aerosol optical properties. The scientific questions we aim to address include: (i) what is the overall magnitude of f in the regional atmosphere and what are the main uncertainties associated with our estimate?, (ii) how does the value of f compare with the corresponding feedback caused by the first aerosol indirect radiative effect?, and (iii) how would we expect f to behave at lower latitudes and in more polluted environments? Besides searching for answers to these questions, we will also discuss briefly what implications our results might have on future studies on this subject.
Materials and methods

Site description
A detailed site description can be found from Hatakka et al (2003) , so only a short overview is given here. The analysed data have been measured at Pallas-Sodankylä Global Atmosphere Watch (GAW) Station Sammaltunturi measurement site located in Northern Finland (67°58′N, 24°07′E; 565 m a.s.l) in subarctic region. The station is hosted by Finnish Meteorological Institute. The station of Sammaltunturi lies on a top of a fjeld, round topped treeless hill, about 300 m above the surrounding area. The timberline lies about 100 m below the station. The region is hilly (250-400 m a.s. l.), forested and partly swampy with some rather large lakes (about 250 m a.s.l.). The station is located inside the Pallas-Yllästunturi National Park (total area 1020 km 2 ). Aerosol optical depth (AOD) measurements were made at the Sodankylä observatory in northern Finland (67.37°N, 26.63°E, 179 m a.s.l.). The observatory is a part of the Pallas-Sodankylä GAW station. The site is located about 100 km north of the Arctic Circle, ca 125 km SE from Pallas. The station is surrounded by a pine forest. The observatory is emphasized by upperair weather and ozone soundings, measurements of spectral radiation of UV and total ozone, climatological and other meteorological measurements.
Measurements
The scattering and backscattering coefficients were measured with an integrating nephelometer (model 3563, TSI, St. Paul, Minnesota). More detailed discussion on scattering coefficient measurements can be found elsewhere (Aaltonen et al 2006 , Lihavainen et al 2009 , 2015 and only short description is given here. The instrument measures scattering by aerosols in three wavelengths: 450, 550 and 700 nm. The inlet of the main sampling line is about 3 m above the roof of the station building and about 7 m above the ground. Non idealities due to non lambertian and truncation errors in nephelometer were corrected using the method described by Anderson and Ogren (1998) . The nephelometer was calibrated with CO 2 and zero air approximately every other month and the light source was changed every half a year. The zero air calibration was automatically made ones per hour. The measurements were made according to the guidelines of GAW recommendation.
The absorption coefficient was measured with Aethalometer (Magee Scientific, model AE31). The Aethalometer absorption measurement is known to suffer from a filter loading artifact. These artifacts can be corrected using different methods. Here, the approach presented by Weingartner et al (2003) was chosen. The particle number size distribution in the range 7-500 nm was measured with a differential mobility particle sizer (DMPS). The instrument and measuring arrangements have been described by Komppula et al (2003) . The aerosol mass concentration was calculated from the integrated aerosol volume concentrate obtained from the DMPS data multiplied by a density of 1.5 g cm . The same methodology was used in earlier studies for our site by Tunved et al (2006) and Lihavainen et al (2009) . Sulfate and other inorganic ions in particles were measured from daily filter samples according to the EMEP-protocol (EMEP, 2007) in Matorova station, 6 km east from Sammaltunturi station.
AOD measurements were made with Precision Filter Radiometer (PMOD, Switzerland), which measures spectral irradiance at 4 separate channels (368, 412, 500 and 862 nm) to obtain AOD. The cloud filter was based on the triplet technique (Smirnov et al 2000) . The calibration of the instrument was carried out once per year by the manufacturer. The seasonal variability of the AOD in Sodankylä has been discussed by Aaltonen et al (2012) .
Weather variables were measured with an automatic weather station. The measured variables were temperature, pressure, relative humidity, and wind speed and direction. At the Sammaltunturi station, there were also sensors for present weather (visibility) and total global radiation. The cloud fraction and height of cloud layers were measured using ceilometer (Vaisala, model CT25K) data. This instrument was at a nearby measurement site, Kenttärova, at ca. 200 m lower elevation and about 7 km east from Sammaltunturi station.
Data analyses
The data analyzed here cover the years 2001-2010 for the scattering coefficient, the years 2005-2010 for the absorption coefficient and the years 2004-2010 for the AOD. The data were first quality checked against peculiar events, such as extreme high or low concentrations, which might be caused by an instrument malfunction. The time resolution of the measurements was 5 min. Hourly averages were calculated if more than 50% of the data existed inside the hour in question. The Sammaltunturi station is occasionally inside a cloud. We filtered out all data that had an hourly average visibility lower than 5000 m or the visibility sensor was not functioning properly. The data with the relative humidity inside nephelometer higher than 50% were also removed, as well as the data influenced by instrumental and infrastructural-caused malfunctions. The final data coverage after this pre-selection and quality assurance was about 50%.
The scattering and absorption coefficients are reported at standard conditions for the temperature and pressure, 0°C and 1013 mbar, respectively. AOD values were based on hourly averages obtained from 5 min resolution data. Boundary layer height was BLH estimated with European Center for Medium-Range Weather Forecasts model (e.g. Korhonen et al 2014) .
In order to estimate the magnitude of the climate feedback parameter associated with biogenic emissions, we determined the ambient temperature dependence of several measured quantities. For this purpose, the hourly-average measurement data were divided into ambient temperature bins having a width of 1°C. The average and standard deviation of the selected quantities were calculated for each temperature bin that had more than 50 data points. In case of sulfate, only daily samples were available, so the above procedure was made for the daily-average temperatures with the requirement of having at least 10 data points for each temperature bin. In a comparison between sulfate mass and mass derived from DMPS measurements, daily averages for DMPS values were also used.
We calculated the top-of-the-atmosphere direct radiative effect of the aerosols, DRE, using the following equation (Sheridan and Ogren 1999):
) is the incident solar radiation, Φ is the mean daytime value of the secant of the solar zenith angle, C c is the fractional cloud cover, TR a (≈0.76) is the atmospheric transmissivity, R s is the surface albedo, SSA is the aerosol single scattering albedo, β is the average upscatter fraction of the aerosol, and AOD is the AOD.
By assuming that the ambient temperature, T, influences only the aerosol loading in equation (1), we may write DRE=α×AOD(T), and strength of the radiative feedback parameter, f, due to the response of the atmospheric aerosol load to temperature increase becomes
The contribution of boundary-layer aerosol population to the total AOD is obtained from the relation AOD BL =σ e ×BLH, where σ e is the aerosol extinction coefficient (the sum of aerosol scattering and absorption coefficients) averaged over the boundary layer with the height of BLH. The aerosol extinction coefficient depends on the ambient relative humidity, RH, and can be written as:
where σ s and σ a are the 'dry' aerosol scattering and absorption coefficient, respectively, and g 1 and g 2 are the corresponding enhancement factors due to the water uptake by the aerosol. Using these relations, we obtain an alternative expression for f:
The third term in the right hand side of equation (4a) takes into account the 'dilution' of surface-emitted pollutants due to the increase of the BLH with increasing temperatures. In our analysis, we will exclude the contribution of light absorption (σ a =0) in equation (4a) because the influence of BSOA on σ a is expected to be minor. Because of experimental limitations, we will also neglect the RH dependence of the aerosol scattering coefficient (g 1 =1). These approximations lead to:
Equations (2) and (4b) provide us with two alternative ways to estimate the radiative feedback based on the available measurements and, together with equation (4a), make it possible to get insight into the associated uncertainties.
3. Results and discussion 3.1. Estimated magnitude of the direct radiative feedback Figure 1 illustrates the temperature dependence of the atmospheric aerosol loading and BLH in our data set. As a general pattern, we observed a broad minimum in the average values of σ s , submicron aerosol mass and sulfate concentration at temperatures around zero°C, a slightly narrower minimum in AOD, and clearly higher values in all these quantities at both lower and higher temperatures. The elevated aerosol concentrations at cold temperatures are due to the enhanced effect of long-range-transported pollution in winter, i.e. Arctic haze, combined with local/regional aerosol emissions associated mainly with residential combustion into the typically shallow boundary layer (Lihavainen et al 2015). At ambient temperatures higher than a few°C, a notable increase in the average aerosol loading with an increasing value of T was observed. We hypothesize that this phenomenon is mainly due to enhanced BSOA formation at higher temperatures. Several pieces of evidence support this view. First, the scattering Ångström exponent increased from the average value of about 1.4 to about 2.0 when the ambient temperature increased from 0°C to 20°C ( figure 2(a) ). This kind of behavior rules out any significant contribution of mineral dust, sea spray or large primary biogenic particles to the enhanced aerosol scattering at higher temperatures. Second, while the average sulfate concentration increased slightly with increasing temperatures when T>0°C, its overall contribution to the aerosol mass increase was minor (<5%, figure 1(c) ). Third, the average value of σ s increased considerably faster with increasing ambient temperatures (140% between 10 and 20°C) than that of σ a (about 50%, not shown here). These features indicate that while various types of combustion sources contributed to elevated aerosol concentrations at temperatures higher than a few°C, their contribution was clearly much lower than that of BSOA. The increased formation of BSOA with increasing ambient temperatures, as observed here, has previously been reported for several other field sites as well (e.g. temperature and not light dependent (Tarvainen et al 2005) .
In order to estimate the radiative feedback associated with the temperature-driven BSOA formation, we first assumed that R s =0.1, S rad =345 W m −2 and Φ=2.9 in equation (1). These values are good approximations to R s , S rad and Φ when averaged over the summer period at our measurement site (Lihavainen et al 2009) . We then selected the temperature range of 10-20°C and determined the average (±STD) values of C c (0.47±0.31), SSA (0.94±0.03) and β (0.276±0.028) over this temperature range from the measurement data. These values resulted in α=−60.7±38.3 W m −2 , the large variability of α being mainly due to the highly variable cloud fraction. Next, we made linear fits to the temperatures dependences of AOD, σ s and BLH between 10 and 20°C (see figure 1 for the overall temperature dependency of these quantities). The slopes of these fits, combined with α, finally gave f AOD =−97±66 mW m −2 K −1 and f σ =−63±
Uncertainties and sensitivity to key assumptions
Here we analyze briefly how sensitive our estimated values of f AOD and f σ are to our key assumptions. The first assumption we did in our analysis was that α is constant in equation (2). In our analysis, the only quantity in α that systematically affects the values of either f AOD or f σ is the apparent temperature dependence of the aerosol single scattering albedo. Based on the observed behavior of SSA ( figure 2(a) ), we calculated that the magnitude of f σ was influenced only by about 2% due to the temperature dependency of SSA over the temperature range 10-20°C. The same was true for f AOD , provided that the 'dry' surface-based SSA shown in figure 2(b) is a reasonable proxy for the 'wet' SSA averaged over the BL. We may conclude that our estimates for f AOD and f σ are not sensitive to our assumption α=constant. Besides overall uncertainties in AOD measurements, an apparent error source for our estimate on f AOD comes from aerosol particles located above the boundary layer that may be totally unrelated to BSOA. Such aerosol particles would influence f AOD if their loading had some systematic dependence on the ambient temperature measured at the surface. The magnitude and sign of such effect cannot be estimated based on our measurements.
The most crucial assumptions in deriving the value of f σ were that we neglected the contribution of aerosol absorption (σ a =0) and aerosol water uptake (g 1 =1) . Aerosol extinction influences f σ via both its temperature dependence (the first two terms in the right hand side of equation (4a), or the first term in the right hand side of equation (4b)) and its absolute value (the third term in the right hand side of equation (4a), or the second term in the right hand side of equation (4b)). In our data set, the term including the absolute value of aerosol extinction gave about a 20% contribution to f σ , so the terms that take into account the temperature dependency of aerosol extinction were clearly more important ones.
Aerosol absorption contributed 6±3% to the 'dry' aerosol extinction over the temperature range 10-20°C in our data set ( figure 2(b) ), and 4% to the increase of the 'dry' aerosol extinction (result not shown here) over the same temperature range. Based on these values and our analysis in the previous paragraph, we may thus conclude that neglecting aerosol absorption decreased the estimated value of f σ by about 4-5%. This is the maximum percentage by which we may have underestimated the value of f σ due to the assumption σ a =0, since biogenic SOA is very unlikely to be the only contributor to aerosol absorption in our data set.
Aerosol water uptake influences all the terms in equation (4a). To the first order, f σ is directly proportional to the value of g 1 . In environments with high sulfate or sea-salt fraction of measured aerosol, g 1 may be larger than 2 at RH>80% (Zieger et al 2013), whereas for aerosols containing more that 90% of organic material, g 1 remains usually below 1.3-1.4 at RH<80% (Quinn et al 2005) . Assuming ∂g 1 / ∂T=0 partially compensates the assumption g 1 =1 in equation (4a), since our aerosols tended to have a large organic fraction at higher ambient temperatures (i.e. ∂g 1 /∂T<0 due to the aerosol composition change). Taken together, we conclude that excluding aerosol water uptake causes a systematic under-prediction of f σ in our data set. We are not able to quantify this under-prediction, but provide an upper-limit estimate of about 30% for it.
Both cloud fraction and ambient relative humidity decreased considerably over the temperature range 10-20°C in our data set (figures 2(c) and (d)). We did not include these effects in our feedback calculations, since they are not part of the real radiative feedback associated with the BSOA formation, but rather a sign of some systematic dependency of air mass properties on the ambient temperature. In order to get insight into this issue, we determined 120 h air mass back trajectories for our data set by following the procedure by Lihavainen et al (2015) . We found that over the temperature range of 10-20°C, air masses having higher ambient temperatures had, on average, spent longer times over the continent (as opposed to the ocean) before arriving at our measurement site. While explaining the observed patterns of C c and RH in figure 2, this feature also indicates that the higher BSOA loadings observed at higher ambient temperatures were not only due to higher biogenic emission rates at elevated temperatures but also due to longer exposure times of the measured air to biogenic emissions. This latter effect causes a positive bias in the estimated values of f AOD and f σ in our data set, the magnitude of which cannot be quantified using observations alone.
Our estimate for the radiative feedback is sensitive to the temperature range used to calculate the derivatives in equations (2) and (4b), as can be easily been seen by looking at figures 1(a) and (b) . The temperature range used in our analysis (10-20°C) is close to that observed in July at our measurement site, the average summer temperature being a few°C lower at this site (Lihavainen et al 2015) . If we repeat our analysis using the temperature range of 5-15°C (0-10°C) instead of 10-20°C, the value of f σ will decrease by >50% (>70%). The value of f AOD would decrease even faster.
Comparison to other studies and large-scale implications
To our knowledge, the only other study that has estimated the direct radiative feedback associated with BSOA is that by Paasonen et al (2013) . They started their analysis from measured particle number size distributions and, using a few relatively crude assumptions, derived f separately for 11 terrestrial sites ranging from clean boreal forest environments to polluted background sites. When considering all the data measured at temperatures >5°C, the values of f reported by Paasonen et al (2013) ranged from −60 to 6 mW m −2 K −1 with an overall mean of −30 mW m −2 K −1 . Based on earlier results about the radiative forcing by BSOA (Lihavainen et al 2009) , we may conclude that the direct radiative feedback by BSOA is considerably lower (up to a factor 10) than the feedback due to the first indirect effect of BSOA at our measurement site. How would the situation change in warmer or more polluted environments? Of the locations considered by Paasonen et al (2013) , the highest feedback due to the indirect effect by BSOA during summer was estimated for Värriö (about −760 mW m −2 K −1 at ambient temperatures >5°C), a site with average aerosol properties similar to those in Pallas . The strength of this feedback was estimated to be much lower in more polluted environments, as the cloud albedo is less susceptible to aerosol perturbations in more polluted environments (Painemal and Minnis 2012, Spracklen and . Contrary to the indirect radiative effect, the direct radiative effect by BSOA (and thus feedback) is expected to increase linearly with the increasing mass concentration of BSOA. Our previous study has shown that compared with Pallas and Värriö, the strength of BSOA formation is about two times higher in Hyytiälä, a boreal forest site approximately 700 km south of both Pallas and Värriö (Tunved et al 2006) . Even higher BSOA formation rates have been reported for cases when biogenic emissions are mixed with anthropogenic pollutants (Spracklen et al 2011 , Xu et al 2015 . These arguments indicate that the feedback due the direct radiative effect by BSOA might be comparable to, or even larger than, the corresponding feedback due the first indirect radiative effect in such moderately or highly polluted environments that are exposed to biogenic emissions.
Concluding remarks
This is the first study in which the direct radiative feedback parameter associated with BSOA formation has been derived directly from optical aerosol measurements. Our two independent estimates (f AOD =−97±66 mW m
) represent upper-limit values for this feedback over the summer period at our site, because the temperature range used in our analysis was somewhat higher than the typical summer temperatures at our site and because the observed temperature-dependent BSOA formation was evidently biased by air mass transport effects. Compared to the measurement site considered here, the magnitude of f is expected to be larger at lower latitudes where biogenic emissions tend to be stronger. Even larger values of f are plausible in regions where biogenic emissions are mixed with anthropogenic pollution. Most importantly, f may be comparable to, or even larger than, the corresponding feedback due the first BSOA indirect effect over vast continental regions.
It should be noted that the observed temperaturedependence of BSOA formation may not be representative of what is taking place in the future climate system. This is firstly because the short-and long-term effects of the ambient temperature on atmospheric BSOA loadings might be quite different. For example, temperature changes almost certainly affect the amount and type of vegetation responsible for BSOA precursor emissions in both Arctic and Boreal environments over the climate-relevant time scales (e.g. Wang et al 2011, Pearson et al 2013 , Buermann et al 2014 . This feature is not taken into account in our analysis. Secondly, also components other than temperature in the climate system influence atmospheric BSOA. These include the future increase of the ambient CO 2 concentration and yet poorly-quantified future changes in extreme weather conditions, precipitation patterns and atmospheric chemistry (Grote and Niinemets 2008, Guenther et al 2012) .
Finally, future changes in the atmospheric BSOA and their precursor loadings, either due to changing climate or land use, may trigger additional feedback mechanisms that lead to considerable radiative effects. Such feedbacks might arise, for example, via changes in atmospheric chemistry, in the ratio between diffuse and direct radiation entering the Earth's surface, or in the carbon and water cycles (e.g. Carslaw et al 2010, Cirino et al 2014 , Unger 2014 . These issues bring up the need to extend these kind of an analyses to other continental sites from which longterm observations are available, to complement such analyses with model simulations whenever feasible, and to look for additional feedback mechanisms that might be relevant for the climate system.
